Introduction {#Sec1}
============

Given the prevalence of poor adherence to therapy across healthcare^[@CR1]^, novel approaches to increase patient engagement with therapy may improve treatment outcomes in a multitude of conditions. In recent years, personalized medicine has largely focused on increasing therapeutic efficacy^[@CR2],[@CR3]^. However, since successful treatment outcomes, particularly in the home, require high adherence in addition to efficacy, personalizing therapy to increase patient engagement may be as impactful. The development of a novel and engaging digital therapeutic that supports personalization of therapy in the home could be a scalable platform to test this hypothesis. Here we report on the design and development of such a digital therapeutic for the initial indication of amblyopia and present results from a proof-of-concept human study evaluating its safety and efficacy.

Amblyopia, known colloquially as "lazy eye", is a neurodevelopmental disorder of the visual system resulting from abnormal visual experience during development. Amblyopia is characterized by reduced vision in one eye or both eyes that cannot be explained by structural ocular or optic nerve abnormalities alone. It is the most prevalent cause of reduced vision in one eye (monocular visual acuity) in children and young adults, affecting 1--5% of the population^[@CR4]^. In addition to having reduced visual acuity, patients with amblyopia may also suffer from deficiencies in focusing (accommodation), fixation stability, binocularity, reading fluency, depth perception (stereoacuity), and contrast sensitivity^[@CR5]--[@CR8]^. From a health economics standpoint, amblyopia costs the United States \$7.4 billion per year in lost earning potential^[@CR9]^.

The current standard of care treatment for amblyopia beyond refractive correction (optical treatment) targets the stronger (fellow) eye, through patching or cycloplegic (blurring) drops such as atropine, to promote usage of the weaker (amblyopic) eye^[@CR4]^. These approaches, despite a long history of use, are limited by high rates of failure and relapse. In younger children aged 3 to 7 years treated with patching, 54% suffered from residual amblyopia at age 10^[@CR10]^ and 40% at age 15^[@CR11]^. In older children aged 7 to 12 years treated with patching, 74% had residual amblyopia at the time of treatment termination^[@CR12]^. In teenagers aged 13 to 17 years, patching is only minimally effective^[@CR13]^.

One recognized explanation for the limitations of these treatments is poor adherence. When adherence is patient-reported, only half of patients complete more than 75% of prescribed patching^[@CR12]^. When objectively monitored, adherence is even lower, averaging 44%, with patients skipping 42% of the days they were prescribed patching^[@CR14]^. Adherence to prescribed treatment is essential because amblyopia treatment is highly dose-dependent. Patching, for example, has a linear dose-response curve of 1 logMAR line gain in visual acuity per 120 hours of patching^[@CR15]^. Adherence to amblyopia treatment is also challenging due to the pediatric patient population and because treatment is largely received in the home. Nevertheless, some patients who are highly adherent to patching still fail to improve^[@CR15]^, suggesting underlying deficiencies in the mechanism of action of patching as well.

More recently, dichoptic treatments, which rebalance the visual input between the eyes in an attempt to promote binocularity, have shown promise in several pilot studies as a potentially more effective alternative to patching^[@CR16]--[@CR21]^. The theoretical underpinnings for these approaches are based on the observation, first reported by Baker *et al*.^[@CR16]^, that patients with amblyopia have latent binocularity and tend to function monocularly due to interocular suppression^[@CR17]^. It has been hypothesized that by balancing visual stimuli to account for interocular suppression, binocularity, and subsequently amblyopic eye visual acuity, can be improved^[@CR18]^.

Dichoptic treatments require presentation of targeted visual input to each eye, providing an opportunity for engaging treatment delivery mechanisms. However, some studies on dichoptic treatments delivered through video games^[@CR22]^, but see also^[@CR19],[@CR21]^, have also been hindered by poor adherence, possibly because patients tire of playing the same game repeatedly. Subsequent studies, first by Li *et al*.^[@CR23]^ and Sauvan *et al*.^[@CR24]^, have tested dichoptic treatments delivered through cinematic content^[@CR23],[@CR25],[@CR26]^ instead of video games as an alternative approach to improve adherence. However, these treatments have relied on a limited library of publicly accessible content, which may have hindered engagement.

We hypothesized that a novel digital therapeutic that delivers dichoptic treatment through patient-selected cinematic content in a head-mounted display would improve both adherence and treatment outcomes in the home for children with amblyopia. As such, we designed and developed a device -- the "Luminopia One" therapeutic -- that incorporates the following critical components. We designed a custom headset tailored for the pediatric population that includes a pair of viewing lenses for dichoptic presentation and a smartphone for displaying visual input. Computational algorithms on the smartphone modify patient-selected content in real-time into therapeutic visual input, and the input is delivered precisely to each eye through the headset. An on-demand, cloud-based content management system enables treatment in the home, and a broad library of 700+ hours of cinematic content licensed from leading media companies allowed patients a substantial degree of choice. Usage of the therapeutic was automatically captured, allowing for objective adherence reporting, and a clinical dashboard provided healthcare professionals with real-time adherence data to follow-up with patients as needed. As far as we are aware, this is the first attempt to combine a head mounted display with a broad library of cloud-based video content to allow for personalized amblyopia therapy at home for an extended period of time.

We also report the results of a proof-of-concept human study on the Luminopia One therapeutic. The primary objective of this study was to assess the efficacy of the therapeutic to improve amblyopic eye best-corrected visual acuity (BCVA) of patients aged 4 to 7. Secondary objectives included assessment of patient adherence and patient satisfaction with the therapeutic. Safety measures included monitoring for new double vision (diplopia), new or worsening eye misalignment (heterotropia), worsening visual acuity, or other unanticipated adverse events.

Results -- Therapeutic Design {#Sec2}
=============================

Head-mounted display {#Sec3}
--------------------

A head-mounted display was selected as the digital platform that met the requirements for precision and controls. Specifically, immersion in a head-mounted display allows for dichoptic presentation of visual input, in which different channels of computationally processed content can be presented to the fellow eye and the amblyopic eye. Additionally, given that amblyopia treatment is largely received in the home, the head-mounted display provides a self-contained, self-sufficient, and portable form factor for treatment.

Due to the absence of commercially available headsets designed for young children, we designed and manufactured a custom headset specifically for the target population of children aged 4 to 7 (Fig. [1a](#Fig1){ref-type="fig"}). The custom headset consisted of several standard components, including a viewing lens for each eye, a strap system for patients to secure the headset to their head, and a display unit to present visual input. Importantly, these components were designed to accommodate the unique physical and developmental characteristics of the pediatric population while also fitting over glasses.Figure 1The Luminopia One Therapeutic. (**a**) Concept schematic of the custom headset. (**b**) Software architecture diagram for the therapeutic. (**c)** Schematic of visual input presented to each eye after therapeutic modifications have been applied to content input. (**d**) Modified screenshot displaying an example of a patient's daily usage (in minutes) on the clinical dashboard.

Two critical design considerations were the ergonomics and optics of the headset. A unique halo-like design for the strap system shifted the vector of weight on the head from forwards to downwards. To minimize the disparity between the inter-lens distance of the headset and the interpupillary distance (IPD) of pediatric patients (significant disparity between the two can lead to image distortion and an induced prismatic effect), we designed a lens system with two settings: one for patients with smaller IPDs and one for patients with larger IPDs.

A commercially available LG G5 smartphone (LG Electronics Inc., Seoul, South Korea) was used as the display unit for the platform, and the custom headset contained a slot to hold the phone. A software application pre-installed onto the smartphone ran computational algorithms that modified source content into therapeutic visual input delivered to each eye through the headset. The software application required an internet connection enabled by the smartphone's Wi-Fi connectivity.

Computational algorithms {#Sec4}
------------------------

Computational algorithms were designed to apply therapeutic modifications in real-time to patient-selected cloud-based source content. The video player was designed to play videos encoded at 30 frames per second (fps) with a maximum time allowance of 16 milliseconds (ms) between renders. The time allowance for the video player was more stringent than that of standard web-based video players, since content in the therapeutic was rendered in a fully immersive, 360-degree environment with a 60 fps refresh rate.

When a video was selected by a patient, computational algorithms split the source content into two streams, one for each eye, and applied therapeutic modifications to each stream in real-time (Fig. [1b](#Fig1){ref-type="fig"}). To fulfill the 16 ms time allowance requirement, the computationally intensive therapeutic modifications were processed on the graphical processing unit (GPU) instead of the central processing unit (CPU). To ensure the video and audio streams remained in sync during playback, the video player was engineered to route audio directly from the source content to the hardware speakers, bypassing the high-latency Android layer. To our knowledge, this is the first implementation of cloud-based content being modified and rendered in real-time in a head-mounted display for therapeutic purposes.

Therapeutic modifications were applied in the same manner to all selected videos based on the patient's prescription, which indicated which eye was amblyopic (Fig. [1c](#Fig1){ref-type="fig"}). Firstly, the RGB channels of each pixel were modified to reduce the contrast of the fellow eye input to 15% of the contrast of the amblyopic eye input. Secondly, dichoptic masks were superimposed onto the inputs for both eyes, such that parts of the video were only visible to the amblyopic eye, parts were only visible to the fellow eye, and parts were visible to both eyes. The masks were colored grey (RGB: 127, 127, 127) and had feathered edges. The therapeutic cycled through 6 unique pairs of dichoptic masks, with each pair applied for 30 seconds at a time. The treatment protocol, including the interocular relative contrast level, was set at the same level for all patients and remained constant throughout the study.

Content management system {#Sec5}
-------------------------

The content management system was designed to enable treatment in the home by supporting an array of source content formats, while maximizing image quality and security during playback. Firstly, the infrastructure consisted of a pre-processing pipeline that transcoded raw, high fidelity videos to the target video and audio codecs of the video player. These codecs were selected to provide high playback quality given the virtual environment in which videos were ultimately rendered. Transcoded videos were stored remotely in the cloud prior to patient selection, which allowed for a substantially larger library of content than otherwise feasible. When a video was selected by a patient in the headset, the infrastructure provided the video player with a signed and secured URL from which the video was streamed, and computational algorithms applied real-time modifications to the video. This design ensured that the source content remained secure and that videos could be streamed directly and remotely from the cloud.

Licensed content {#Sec6}
----------------

The content management system provided patients with access to a broad library of licensed content to choose from throughout the study. The content included 700+ hours of popular TV shows, movies, cartoons, and videos licensed from Public Broadcasting Service (PBS) Distribution, Sesame Workshop, DreamWorks Animation, A&E Network, Millimages, National Broadcasting Company (NBC), and Corus, and publicly accessible content on YouTube. All videos were categorized into age groups according to Official Parental Guidelines or Common Sense Media guidelines, and patients were only able to select videos labeled appropriate for their age.

Clinical dashboard {#Sec7}
------------------

A web-based clinical dashboard allowed various healthcare professionals to monitor each patient's treatment throughout the study (Fig. [1d](#Fig1){ref-type="fig"}). The dashboard provided data on each patient's daily usage in real-time and highlighted patients that were below a certain threshold of adherence in the past week.

Results -- proof-of-concept study {#Sec8}
=================================

Study design {#Sec9}
------------

The proof-of-concept human study focused on assessing the safety and efficacy of the Luminopia One therapeutic. All patients (*n* = 10, Table [1](#Tab1){ref-type="table"}, Supplementary Data File [S1](#MOESM1){ref-type="media"}) were prescribed the therapeutic to be used at home for 1 hour per day, 7 days per week, for 12 consecutive weeks. Patients returned for follow-up visits after 2, 4, 8, and 12 weeks of therapy. Amblyopic eye best-corrected visual acuity (BCVA) was tested at each follow-up visit. Adherence to the therapeutic was recorded automatically by the therapeutic and patient satisfaction was assessed using a standard questionnaire at the 12-week visit. The detailed protocol is further described in the Methods section.Table 1Patient characteristics.PatientAgeSexRefractive error (OD)Refractive error (OS)Age at diagnosis (years)Total Prior Duration in Refractive Correction (months)Prior Treatment Methods\*Prior Treatment Durations (months)\*Amblyopic Eye**01**4F+3.00+ 1.50× 90+ 3.50+ 1.50× 9044 monthsPatching1 monthOS**02**5F+5.00+ 2.00× 89+ 4.50+ 1.75× 92418 monthsPatching, atropine17 monthsOD**03**5F+4.00+ 1.75× 74PlanoN/A\*\*7 monthsPatching6 monthsOD**04**4F+1.50+ 1.50× 60Plano223 monthsPatching21 monthsOD**05**4MN/A\*\*N/A\*\*43 monthsPatching2 monthsOS**06**6M+3.00+ 3.00× 94+ 1.00+ 0.50× 105511 monthsPatching11 monthsOD**07**6F+4.25+ 0.25× 92+ 4.75+ 1.00× 59240 monthsPatching, atropine36 monthsOS**08**7M+5.25+ 0.25× 95+ 4.75+ 0.50× 86654 monthsPatching4 monthsOD**09**7M+3.00+ 2.25× 51+ 3.25+ 2.50× 85530 monthsNoneNoneOS**10**6F− 4.25+ 4.50× 105+ 0.75610 monthsPatching8 monthsOD\*Prior treatment excludes optical treatment.\*\*Missing data.

Visual acuity {#Sec10}
-------------

Best-corrected visual acuity (BCVA) was assessed at each visit using an electronic visual acuity (EVA) system with standard research acuity tests and pre-programmed testing protocols. Visual acuity was recorded in logMAR and Snellen equivalents. Patients aged 4 to 6 were assessed using the ATS-HOTV protocol^[@CR27]^ and patients aged 7 were assessed using the e-ETDRS protocol^[@CR28]^. Both the ATS-HOTV and the e-ETDRS protocols have demonstrated high testability and test-retest reliability^[@CR27],[@CR28]^. Mean (SD) amblyopic eye BCVA at baseline was 0.42 (0.12) logMAR (approx. Snellen 20/50 equivalent). All patients had undergone a period of optical treatment prior to study enrollment ≥3 months, and the median duration of prior refractive correction wear was 14.5 months. All but 1 patient had a prior history of amblyopia treatment consisting of patching and/or atropine penalization (Table [1](#Tab1){ref-type="table"}).

Amblyopic eye BCVA improved by 0.29 logMAR (2.9 logMAR lines, *p* \< 0.01) from baseline to the 12-week visit (Fig. [2](#Fig2){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}); this equates to nearly three lines of improvement on the standard eye chart. In addition, 6 of 10 patients had resolution of their amblyopia such that final interocular difference in visual acuity was \<0.3 logMAR.Figure 2Visual acuity measurements. Mean best-corrected visual acuity in amblyopic and fellow eyes at each study visit across all 10 patients. Data are means ± SEM (*n* = 10). \**p* \< 0.05 compared to Week 0 (baseline visit), Wilcoxon signed rank test for amblyopic eyes.Table 2Patient measurements.PatientOcular Alignment (prism diopters)Stereoacuity (arcsec)Amblyopic Eye BCVA baseline (logMAR)Fellow Eye BCVA baseline (logMAR)Amblyopic Eye BCVA final (logMAR)Fellow Eye BCVA final (logMAR)**01**2 ET30000.50.30.0−0.1**02**Ortho400.30.00.30.0**03**1 ET, 2 R/LHT\*30000.6−0.10.3−0.1**04**2 ET100000.6−0.10.4−0.1**05**Ortho30000.50.00.20.0**06**8 ET400.30.10.00.0**07**Ortho1000.30.00.2−0.1**08**Ortho30000.30.00.1−0.1**09**Ortho30000.40.0−0.1−0.1**10**Ortho400.4−0.1−0.1−0.1\*Missing data.Abbreviations: BCVA -- best-corrected visual acuity, ET -- esotropia, RHT -- right hypertropia, LHT -- left hypertropia.

Adherence {#Sec11}
---------

Daily usage for each patient was automatically recorded by the therapeutic throughout the study to the nearest minute. Adherence was calculated as a percentage of the total time prescribed (1 hour per day, 7 days per week for study duration) that each patient spent watching cinematic content. Mean ± SD adherence over 12 weeks of therapy was 78% ± 27% (Fig. [3](#Fig3){ref-type="fig"}).Figure 3Adherence and patient satisfaction measurements. Mean adherence as a percentage of prescribed amount from Week 0 and mean response to NPS question at each follow-up visit across all patients. Data are means ± SEM (*n* = 10).

Patient satisfaction {#Sec12}
--------------------

Patient satisfaction with the therapeutic was assessed at the 12-week visit using the standard Net Promoter Score (NPS) question, a common tool used to gauge customer satisfaction^[@CR29]^. Parents/guardians of patients were asked how likely they would be to recommend the therapeutic to someone else with "lazy eye", and asked to respond on a scale of 0 to 10, with 0 being not likely at all and 10 being very likely. Mean ± SD response to the question was 9.5 ± 0.7 (Fig. [3](#Fig3){ref-type="fig"}), including 6 of 10 parents/guardians who responded with 10. NPS for the therapeutic, calculated as the percentage of 9 or 10 responses less the percentage of 0 to 6 responses, was +90.

Safety assessment {#Sec13}
-----------------

Safety was assessed by monitoring for new diplopia, new or worsening heterotropia, worsening visual acuity, or other unanticipated adverse events. Worsening heterotropia was defined as an increase of 10 prism diopters or more of misalignment from baseline, and worsening visual acuity was defined as a loss of 2 or more logMAR lines from baseline in either eye. No cases of the above adverse events or any unanticipated adverse events were reported.

Personalization {#Sec14}
---------------

Content selections of patients were automatically recorded by the therapeutic throughout the study to evaluate the degree to which patients personalized their therapy. A unique video count was calculated for each patient as the number of unique videos selected by the patient over the course of the study. Mean ± SD unique video count was 142 ± 45 (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Personalization measurements. Unique video count for each patient (*n* = 10) at study completion.

Discussion {#Sec15}
==========

In this proof of concept study evaluating the efficacy of the Luminopia One therapeutic, a novel device delivering personalized amblyopia therapy, we report an improvement in mean amblyopic eye visual acuity by 2.9 lines with 12 weeks of therapy. This degree of improvement is greater than those reported in studies on patching and other dichoptic treatments over similar or longer timeframes. Patients of comparable ages improved an average of 2.0 logMAR lines with patching and 1.9 logMAR lines with another dichoptic treatment after 16 weeks of therapy^[@CR22]^. Using a dichoptic treatment paradigm most similar to our approach, Li *et al*.^[@CR23]^ reported a mean improvement of 2.0 lines in amblyopic eye visual acuity, though the study included a shorter treatment duration of 2 weeks and therapy was all completed in-office. It is noteworthy that 9/10 patients in our trial had prior amblyopia therapy, which can blunt response to subsequent therapy using traditional modalities^[@CR22]^.

The high mean adherence of 78% likely contributed to the strong visual acuity improvement. Adherence with the Luminopia One therapeutic was substantially higher than that observed with patching^[@CR14],[@CR22]^. Furthermore, digital technology in the therapeutic monitored adherence objectively to the nearest minute, avoiding the biases of self-reporting^[@CR22]^ and the imprecision of single daily reports^[@CR25]^. Compared to studies which also monitored adherence objectively over a similar duration, adherence with the therapeutic was higher and more sustained than other dichoptic therapies^[@CR22],[@CR26]^. The broader library of video content likely ensured that higher adherence could be maintained over a longer treatment period. In addition, the high number of unique videos selected by patients over the course of the study suggests that personalization may have contributed to high adherence through patient engagement.

The lack of adverse binocular events in this study is consistent with the safety profile of other types of amblyopia therapy, including dichoptic treatments^[@CR22],[@CR23]^. The absence of other unanticipated adverse events provides initial support for the overall safety of the therapeutic.

Limitations of this study include the small sample size, lack of comparison group, and lack of long-term outcomes. To further evaluate safety and efficacy of the therapeutic, a future study would ideally be designed as a randomized controlled trial that compares the Luminopia One therapeutic to standard of care treatments such as optical treatment or patching. Future trials should also consider post-treatment follow-up visits to evaluate the long-term outcomes of the therapeutic and retention of treatment benefit. While this study demonstrates initial promise for the positive impact of therapy personalization on adherence and treatment outcomes, future studies can analyze patient behavior in more detail to better understand the relationship.

Importantly, we successfully designed and developed a novel digital therapeutic to test whether an engaging, personalized therapy would improve adherence and treatment outcomes in the home, and our proof-of-concept study provided strong support for the hypothesis in the initial indication of amblyopia. More broadly, the therapeutic provides a successful blueprint for improving treatment outcomes for additional indications in which digital technology, patient engagement, and therapy personalization can improve patient care.

Methods {#Sec16}
=======

Study design {#Sec17}
------------

This study was conducted in the United States in accordance with the principles of the Declaration of Helsinki from the International Conference on Harmonization (ICH). The trial had a single-arm, single center, open-label design and was approved by the Alpha Institutional Review Board. The trial was registered on ClinicalTrials.gov (NCT02782117, Registration Date: May 25, 2016). Parents and/or guardians for all patients provided written informed consent prior to all study-related procedures, and patients aged 7 provided assent to be in the trial as well.

Patients (*n* = 10) participating in the trial were diagnosed with unilateral amblyopia associated with strabismus, anisometropia, or both. Patients were required to be between the ages of 4 and 7, to have sufficient refractive correction at baseline (within 0.75D spherical equivalent of latest cycloplegic refraction) and to have moderate amblyopia, defined as amblyopic eye BCVA between 20/40 and 20/200 at baseline. Patients wore the same refractive correction for the duration of the study. Patients with high myopia greater than −6.00D spherical equivalent (SE) in either eye, previous intraocular or refractive surgery, light-induced epilepsy, or severe developmental delays were excluded. The eligibility criteria were established prospectively.

The primary objective of the trial was to evaluate the efficacy of the Luminopia One therapeutic, and the primary endpoint of the trial was change in amblyopic eye BCVA from baseline to the 12-week visit. The primary objective and endpoint of the trial were established prospectively. After enrollment into the study, patients were provided with a therapeutic and trained on how to select videos and receive treatment. Patients took the therapeutic home and were prescribed treatment for 1 hour per day, 7 days per week for 12 weeks.

Statistical analysis {#Sec18}
--------------------

Descriptive statistics (mean, standard deviation) and confidence intervals were calculated using Microsoft Excel (version 16.23). Improvements in amblyopic eye BCVA were assessed using a two-tailed, Wilcoxon paired signed rank test using Prism 8.2 (GraphPad Software, San Diego, CA). In all cases, *p* \< 0.05 was considered statistically significant.
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